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Abstract— 1t is desirable to develop a high Equivalent
Isotropically Radiated Power (EIRP), autonomous,
distributed, reconfigurable, on-demand Ka/X-band
transmit-antenna array using small satellites, for deep-
space communication (Mars and beyond). Our work
shows that a distributed, free-flying swarm array
composed of N CubeSats can not only be phased to
provide a coherent beam in Ka/X-band, with
performance (mass, power, data rate) comparable to the
state-of-the-art Mars Reconnaissance Orbiter (MRO),
but with N large, higher performance and data rates can
be achieved, assuming a proper intra-swarm metrology
system is in place.
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1. INTRODUCTION

Autonomous spacecraft swarms are emerging as a
breakthrough space technology to enable low-cost, highly-
reconfigurable apertures with high impact on several areas of
science [1] from deep space, such as imaging, remote
sensing, solar energy collection, and communication, whose
development are often hindered by the high cost of a single
large satellite telecommunications system or science
instrument. Multifunctional systems, in which multiple
subsystems are tightly integrated into one single tile-like

satellite, called TileSats (see Figure 1), can further reduce
volume, mass, and cost. Hence, the project aims to develop
swarms of small TileSats with multifunctional capabilities to
enable new deep space missions. This project is unique even
because of tight and systematic integration between swarm
guidance and control (G&C) study and impactful
applications such as deep space communication and radar
science, as enabled by small satellites [14, 15, 16, 17].

Figure 1 The distributed swarm array.

NASA also has a need for a deep space Ka-band
capability to provide high data rate transfer, and at the same
time for multifunctional subsystem integration in order to
reduce the mass, volume, and power of assets being sent to
targets of planetary exploration being executed
autonomously [5]. While both Cassini and Juno have a Ka-
band capability, the state of the art in deep space Ka-band is
MRO and KEPLER. Cassini transmitted and received Ka-
band for radio science. Juno has a 2.5 m Ka-band dual
reflector antenna, also for radio science. MRO was designed
with a full Ka-band capability, and during cruise set a new
record (6 Mbps ) for the highest Ka-band data rate from a
planetary mission. Though it is not used operationally, it has
provided much of the validation needed for the deep space
system. KEPLER has been using Ka-band routinely for its
science downlink for many years. Hence, Ka-band telecom
systems have been successfully demonstrated. However, they
are limited by power and antenna size — both of which will be
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addressed by the proposed TileSat architecture. In addition,
Cassini used radioisotope power, while MRO, Juno, and
KEPLER use very large solar arrays. A cluster (a closely-
packed-array) of Ka-band antennas was also proposed for the
Jupiter Icy Moons Orbiter in 2004 [8,27] to provide a data
rate of 10 Mbps at a maximum distance of 6.5 AU, with 1
mrad pointing accuracy and an effective-isotropic-radiated-
power (EIRP) loss of 1.15 dB for a 3-meter diameter antenna.
The advantages of multiple apertures compared to a single
aperture include: a) electronic beam steering; b) spatial power
combining; c¢) lower power density in the transmit system
components; and d) graceful degradation capability.
Therefore, it is desirable to develop an autonomous,
distributed, reconfigurable swarm transmit array antenna
capability that enables a high EIRP, on-demand Ka-band
communications system. The benefits to NASA of a swarm
system architecture made of N autonomous tiles which can
self-organize and reconfigure would include: a) scalable
system, upgradable to support future communications
demands, b) less vulnerable to single point failure, c)
repairable by replacing failed tiles, d) potential for a low cost
capability to enable deep space Ka-band communication and
science.

In recent years, flight of swarms (100-1000s spacecraft)
of FemtoSats (100-gram class spacecraft) has received
significant attention, and more recently, formation flying and
swarms have been identified as key technologies for
development and demonstration. Recent work [23] has
focused on the Granular Imager, a game-changing paradigm
to design future space imaging systems by means of remote
electromagnetic confinement and alignment of a swarm of
very small reflectors (FemtoSat-size or less), and appropriate
image reconstruction techniques, leading to enormous
reduction in cost and system complexity. Used
interferometrically, for example [18, 19, 20, 21, 22, 23],
imagery or focusing can be synthesized over an enormous
scale. This work is also centered on the novel multi-
functional TileSat design and its algorithmic and
experimental development of autonomous in-space
construction of a large connected antenna array for Ka-band
deep-space communication. Typically, phased array antennas
have a limitation both in pointing accuracy, based on the size
and density of the individual elements, and overall cone of
pointing.

The goals of this task were to demonstrate that N tiles
forming a distributed, free-flying swarm array can be phased
to provide a coherent beam in Ka-band, and show that a
promising radiofrequency distribution methodology is
feasible to enable a phased array with performance (mass,
power, data rate) comparable to MRO (Mars Reconnaissance
Orbiter). More specifically, the objectives were to: a)
Demonstrate feasibility of a scalable autonomous distributed
Ka-band antenna swarm array for deep space applications; b)
Develop concept of operations for both data link and radar
science applications, considering both active and passive
radars, based on electromagnetic theory and physical
limitations; c) Design the Ka-band antenna array system for
effective diameters of up to 10 m, capable of 0.1-1 Gb/s data
rates, with direct relevance to interplanetary network goals;

and d) Develop algorithmic techniques for efficient
distributed system G&C of the swarm array, including
innovative techniques for propellant-less-tether-based
autonomous rendezvous and docking for highly efficient
proximity operations and self-assembly, and model and
simulate them for the multibody modeling and simulation of
autonomous system reconfiguration.
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Figure 2 Centralized architecture for the swarm array,
including DSN.
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Figure 3 Swarm array configuration with central node.

2. SYSTEMS ENGINEERING CONSIDERATIONS

A large swarm could be assembled in multiple launches
as part of forward deployment of equipment and supplies to
support a Mars human exploration mission. This concept of
operations supports the swarm array scalability, maintenance
and repair benefits discussed earlier. Note that the combined
transmit/receive architectures could potentially support
science activities, assist a UHF ground link to rovers on Mars
surface, etc. during periods when high speed telecom
capability is not needed.

Monolithic apertures ~3m diameter are in use today on
numerous deep space missions. Large aperture deployable
mesh reflector antennas >9m diameter are available, but they
are significantly more expensive, impose very demanding
beam pointing requirements and present stowage challenges.
Alternate large aperture technologies (membrane, gossamer,
or inflatable type) could stow more compactly, but add
additional risks, including lower fault-tolerance, structural
vibrations, structural misalignments, tight planarity



requirements, thermo-structural stability, ageing and creep,
continuous calibrations, deployment complexities, sub-mm-
level surface accuracy in the primary, unavoidable systematic
manufacturing errors, material outgassing and surface
contamination. The advantages of distributed apertures over
single apertures are: the capability of electronic beam
steering, spatial power combining, lower power density in the
transmit system components, and graceful degradation
capability. The disadvantages of distributed apertures over
single aperture are: complexity to control and stabilize the
structure, high-precision metrology limitations, require
precision Attitude Determination and Control System (ACS),
accurate clock needed for precise modulation alignment
phasing, and possible side lobes due to geometric distortion
in element antenna pattern.

A swarm array would replace standard high-power
amplifier plus large antenna architecture. In this case, the
antenna data rate scales with swarm size. It needs a
centralized node to coordinate and manage the overall system
(Fig. 2). This system could use a UHF link to distribute time,
phase, etc. to array elements, a wireless beamformer and an
RF or Laser metrology system. RF, IF, or digital are three
beamformer options (Fig. 3). Technical challenges include:
a) the need for phased array coherence: the key is to use
system such as Phased-Locked Loops (PLL) to synchronize
beamformer signals; b) the need to use signal such as a pilot
beacon from the DSN (Deep Space Network) to provide
synchronization of carrier signal; c) RF or laser metrology for
pulse-to-pulse alignment; and d) Timing and signal
synchronization.

Multiple reference frames are involved in determining
the pointing needs for a swarm away. As a reference, Figure
4 shows the various mechanical reference frames that would
be involved in an antenna link budget, and Figure 5 shows
the kinematics chain of the reference frames for monolithic
and swarm array.

The systems engineering approach in this study included
two main tasks: a) Systems Engineering of Antenna Array
Concept, and b) Swarm Dynamics and Real-Time
Reconfiguration and Steering of Array. Leveraging previous
Ka-band system studies from Mars [1], previous space
interferometry, formation flying work, and MRO specs, we
conducted antenna sensitivity analysis and developed a
preliminary Ka-band link budget (Table 1). We also
investigated available metrology [3] (Table 2) and array
timing/phasing techniques. These data clearly indicate that
optical metrology is substantially better than RF.

As a test case to evaluate the performance of a swarm
array relative to a large single satellite communications
system, we compared MRO to a hypothetical swarm array
composed of CubeSats similar to MarCO [27], except
operating at Ka-band instead of X-band (see Table 3). Each
CubeSat is assumed to have an IRIS radio and 30 x 60 Ka-
band reflectarray [2]. A chief/director spacecraft is still
needed, and would handle UHF telecom relay and
coordination with all “deputy” spacecraft. The link budget in
Table 1 shows that the single satellite system and a swarm of
~30 CubeSats are very comparable. The key differences
between these two systems are transmit power and antenna

gain, the two parameters that scale with the number of
CubeSats in the swarm. To explore this, Figure 6 shows the
impact of swarm size on EIRP and relative data rate. As noted
earlier, the breakeven point is about 30 CubeSats. More
importantly, tripling the number of CubeSats to N=100
results in a 10X increase in data rate. Since total power
radiated and antenna gain increase in proportion to the
number of CubeSats, EIRP (power X gain) increases as the
square of the number of CubeSats. This comparison clearly
shows that high EIRP is feasible with swarm array.

Frames involved
F, Inertial Frame

Fosn DSN frame

Fa Bus Frame

Fo Orbit Frame

Fa Antenna Frame

Fe Feed Frame

Fs Star Tracker Frame
F, IMU Frame

Figure 4 Frames involved in antenna error budget.
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Figure 5 Kinematics chain of frames for monolithic and
swarm array.

It is also of interest to evaluate the performance increase
that could achieved by increasing the MRO antenna size. The
only practical option to achieve very large (>6m) antenna
apertures is a deployable mesh reflector such as the
AstroMesh© or Harris folded rib antenna [9, 10, 11]. Table 4
shows a comparison of MRO with current antenna and a 9.5m
mesh reflector, which results in a 10X increase in data rate
(see Figure 7). However, there is a significant cost increase
relative to MRO due to the deployable antenna, increased
mass and stowage requirements. Further, this approach may
require a larger bus and possibly a fine beam electronic



pointing system to accurately aim the ~0.06 degree high gain
antenna beam towards a DSN ground station on Earth [9].

Several technology developments are needed to achieve
the goal of enabling a practical swarm array antenna system.
The most critical items are appropriate timing/sequencing
algorithms to cohere array and laser metrology [3] to
determine relative s/c positions with sufficient accuracy to
carry out the phasing of the array. Phase synchronization, as
practiced in the DSN, can be used here and time
synchronization is only needed for symbol rate
synchronization. This is discussed in more detail in the
sections below.

Table 1 Telecomm link budget comparing a swarm array of
30 Ka-band CubeSats to a Monolithic system (MRO).

Link Parameter Monolithic
Aperture

Transmitter parameters

Total Transmitier Power dBm 45.44 48.32
Circuit losses dB 0.5 -0.5
SIC Antenna Gain dB 58.18 55.31
Antenna Pointing Loss dB -0.63 -0.63
EIRP d8m 102.49 102.5
Path parameters
Space Loss a8 -294.58 -294.58
Atmospheric Attenuation dB -1.18 -1.18
Receiver parameters
Earth Station Antenna Gain dB 79.3 79.3
Receiver Circuit Loss Pointing dB -05 -0.5
Pointing Loss dB 0.1 -0.1
Polarization Loss dB -0.04 -0.04
Total Power Summary
Total Received Power dBm -114.61 -114.6
Noise Spectral Density dBm/Hz -179.18 -179.18
PtNo dBm-Hz 64.57 64.58
Data Channel Performance
Received Pt/No dB-Hz 64.57 64.58
Pd/NO ol 64.57 64.58
Data Rate a8 60.79 60.79
Available Eb/NO LiniE 3.78 3.79
Radio Loss a8 -0.1 -0.1
Subcarrier Demod Loss a8 0 0
Symbol Sync Loss dB -0.05 -0.05
Waveform Distortion Loss a8 -0.15 -0.15
Output Eb/NO dB 3.48 3.49
Required Eb/NO iz 0.1 0.1
Performance Margin dB 3.58 3.59

Table 2 State-of-the-art in metrology techniques for small

spacecraft.
Technology Accuracy (RMS error) TRL | Comment Available to
Cubesats
Range Bearing
RF 4x1073 m (4mm) 3%x107* radians high Yes
Metrology (1 arc minute)
Optical 1x107%m 1x107° radians high | MSTAR No
Metrology (1micrometer) (2 arc second)
LIDARs Approx. Imm Approx. arcminute | low | Vision-based | Yes
RFranging |1x107¢m - low | ENSCO Yes
(1micrometer)

Table 3 System parameters for a comparison of MRO
telecom system to hypothetical MarCO-like Ka-band swarm.
Data from RF and optical metrology are taken from [3].

| [MRO___|MarCOCubesat |

Size S/C Fairing  30x20x10 cm3
Launch Mass 2180 kg 14 kg

Tx Power 35W 2W
AntennaSize 3m 60 x 30 cm?
Antenna Gain 56dB 40 dBic
Antenna type Parabola Reflectarray
Deploy Yes Yes
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Figure 6 A System parameters for a comparison of MRO
telecom system to hypothetical MarCO-like Ka-band
swarm. Antenna array EIRP and data rate vs. number of
agents, and comparison with MRO.

Table 4 Parameters used to estimate the improvement of
MRO telecom system by replacing the 3m composite



reflector with a 9.5m AstroMesh reflector.

| |MRO | MRO+AstroMesh_

Size S/C Fairing  Astromesh stow
Antenna Mass 23 kg 55 kg (est*)

Tx Power 35W 35W

Antenna Size  3m 9.5m

Antenna Gain 56 dB 66 dB
Antennatype Composite  AstroMesh
Questions MRO bus sufficient for control?

S/C pointing system adequate?

* Assumes 0.75 kg/m2 mass density, including boom (TBC)
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Figure 7 EIRP and data rate vs. monolithic antenna
diameter, and comparison with MRO.

3. ARRAY GEOMETRIC ERROR ANALYSIS

The most critical factor in achieving coherence in a
Swarm Array is accurate alignment of the phase of the
transmitted carrier frequency from each element, or
“deputy”, in order to form the desired array beam in the far-
field of the deputy’s antennas. It is assumed that the element
antennas have been mechanically steered to point in the
direction of the intended target, and that only phasing of the
carrier remains in order to form an array beam centered on
the target. A similar procedure is required when the Swarm
Array is used to receive a plane-wave signal from a distant
transmitter, except in this case the phases of the received
carriers must be aligned to form the array pattern in the
desired receive direction. In both cases, the array phase must
be first calibrated to phase up the array, then adjusted
continuously as the geometry changes due to orbital
dynamics. It will be assumed here that orbital dynamics are
slow and known well enough to enable predicting and
adjusting the differential phase between elements to the
required accuracy, as the geometry changes. In this section a
geometric model of the Swarm Array will be developed, error
sources identified, and their impact on Swarm Array
performance determined. Focus will be on the transmit mode
of operation, however the analysis applies equally to receive
mode as well.

The Swarm Array geometry is shown in Figure 8, in
Cartesian coordinates centered on the “chief” element, which
is taken to be the reference element in the array, with
sufficient storage, computing power and metrology
capability to enable maintaining and adjusting the state of the
array as conditions change. It will be assumed that the array
elements, or deputies, are all phased up with respect to the
carrier phase of the chief, such that the carriers from each
element are in phase in the far-field of the array. The chief
element is located at the center of the Cartesian coordinate

system, defined by the orthogonal unit vectors (i, j, ﬁ),

where the K component is parallel to the “line-of-sight” (or
LOS) vector to the target. In an array of N elements, including
the chief, there are N-1 deputies, designated in Figure 8 as
deputy #1, deputy #2, and so on, each located at a bearing and
distance defined by the corresponding position vectors

231, 232, ,..,ij_l. However, in our model the stored
locations of the deputies in the chief’s computer may be
slightly  different, given by the position vectors
P> Pys ---» Py hence there is an error between the stored
positions and the true positions, given by the error vector
fl R fz, cens i"Nfl. These errors will cause the deputy’s phases

to be misadjusted, reducing the array gain over that
achievable with ideal phasing. We proceed to determine the
magnitude of these errors based on a simple model for the
error distribution, using actual values for the error variance in
practical state-of-the-art range and bearing metrologies.
Finally, the error variances will be used to evaluate array loss
due to position errors, using several different candidate
metrologies as examples.

The position vectors of the deputies in Cartesian

coordinates are p,=p.i+p Jdt ok

., whereas the error vectors

p,= p2,xi + pz,yj +p, K, .

can be  expressed as

n=nit+rn j+ rl’zk,
6=rn i+n j+n K, o True position vectors are the
vector sum of the stored position and error vectors, yielding
P =p,+7v,, P =p,+r,,.... Foracompact Swarm Array

operating over interplanetary distances, only the projection of
the position vectors onto the LOS vector contribute to array
phase, since the array diameter is much smaller (by about 20
orders of magnitude) than the distance to the target. Referring
to Figure 8, this can be seen by writing out the Euclidian
distance from the first deputy to the target in terms of the
stored vector and error vector components as in equation (1),



IR, [HR-B, H[R-(p,. +5. )k~ (p,, +1.)i—(p,, +1,)il

=JIR=(p +7F +(py 45,0 +(py, +15,)

(pITX + rl,x)z (pl,,v + rl,)f)2
[R- (p1,z +h: )]2 [R- (pl,: +h: )]2

=[R-(p,.+1.)]=R-Bk

(1)

and recognizing that due to the enormous distances between
planets (~ 1 AU) the second and third terms inside the
normalized square-root are O(10'°) and hence can be
ignored. Generalizing to the n-th element, the range
difference to the target between the n-th deputy and the chief,

=[R=(p.+ rl,z)]\/l +

ARH, is the projection of the n-th position vector ?n onto

the LOS unit vector lA(: ARn =R—Rn :f’nof(:pw +r,.

. Similarly, the phase error of the n-th array element relative
to the phase of the chief is a scaled version of the projected

range error, ¥, ., which is in turn the projection of the error

A

vector onto the LOS unit vector k:

171,2 :ARn _pn,z :(:ﬁn _I_jn).l}'

In the language of spacecraft metrology, errors are
typically specified in terms of “range” and azimuth/elevation
(AZ,EL) “bearing” components, implying the use of
spherical instead of Cartesian coordinates. Therefore, in
order to compute the projection of the error vector onto the

approximate swarm array

diameter
max|P|=10 m
n
/
/
/ /

/
deputy #2 ,

central
element
“chief”

R=1.5x10"m

LOS, assumed to be in the K direction, it is necessary to first
convert from spherical to Cartesian coordinates.

The relationship between Cartesian and spherical
coordinates is illustrated in Figure 9, where the true position

vector P is shown in the reduced two-dimensional (j, K)

plane for simplicity. In general, the true position vector can
be described in Cartesian coordinates as

P= P i+ ?y j—i— P. k. In spherical coordinates, the true
position vector 1_5 is described in terms of the three locally
(0.0.9) as
1_2 =P p+P, 0+ P, ¢. Adding the error vector T to

orthogonal  spherical  coordinates

the true position vector P yields the stored position vector
p=P+7=(P+1)i+ @, +r)j+@.+r)k=pi+pj+pk- The
stored position vector can be expressed in spherical

A

coordinates as p, = p_ P+ p, 0 +p,0.

Ris the scalar distance
along the LOS vector

Figure 8 Swarm array geometry and definition of key vector components, in Cartesian coordinates. In this hypothetical
scenario the Swarm Array is in orbit around Mars, transmitting to Earth at a distance of roughly 1 AU.
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Figure 9 Position and error vectors in spherical coordinates.

In general, the conversion between Cartesian and
spherical coordinates can be described via the following
matrix transformation, which specifies the Cartesian

coefficients a=(a,,a,,a,) in terms of spherical
coordinates a =(a,,a,,d,), and vice versa, as

T _ T T _ T .
a =Aa, and a_ = A a respectively. The

transformation matrices A and AS are

sinfcos@p cosfdcosp —sing
A=|sinfsingp cosfdsing cos@
cosd —siné 0
sinfcosep sinfsing cos@
A =|-cosfcosp cosfdsing —sing
—sin @ cosd 0

The position vectors in the chief spacecraft’s
computer are stored in Cartesian coordinates, which can also
be expressed in terms of spherical coordinates referred to the
underlying Cartesian coordinate system. For example, the true
position vector can be expressed in spherical coordinates as

P=P,p+P,0+P,¢

P, =P’ +P}+P?, P,=arccos(P./P,), P, =arctan(P,/P,)

where (p p p are the original Cartesian coefficients.

Referring to Figure 9, we can see that the spherical
coordinates of the stored position vector can be expressed in
spherical coordinates as

r, sin(@+Af)cos(p+Ap)  sin(@+A6)+sin(p+Ap) cos(p+Ap) || p,
Py |=| —cos(@+AG)cos(p+Ap)  cos(+A)sin(p+Ap)  —sin(p+Ag) || p,
P, —sin(@+ A0) cos(0+A0) 0 D.

Assuming the errors in range and bearing are small enough to
validate the approximations &+ A€ = @ and p+Ap=¢

in the matrix transformations, it follows that

[P, P, P,|=A|P, P, P]

[p, 2 2] =AfB 2 P [n 5 o

T
and therefore I, = As(p -P)= Ar= [I’p ry V(p} .

Within the bounds of the above approximations, the error
vector in spherical coordinates is simply the matrix
transformation of the error coordinates in Cartesian
coordinates. Likewise, if the spherical coordinates are
specified, the inverse transformation yields the Cartesian

T
error coordinates I' = [I”X I’y VZJ .

Metrology errors are typically expressed in terms of
range and bearing errors as shown in Fig. 2, where current
state-of-the-art RMS errors are specified for both RF and
optical metrologies. The spherical error components are
inherently random variables. We are ultimately interested in
finding the projection of the total RMS error onto the LOS

direction vector K , which was shown to be the relevant error
source affecting Swarm Array losses when operating over
interplanetary distances. This can be accomplished by first
conditioning on the error components, determining the
projection of the given error-corrupted position vector onto

the K direction, and averaging the resulting projected vector
to determine the relevant component of total RMS error. The
projection of the total error vector expressed in spherical

coordinates, fs, onto the LOS direction vector can be

determined via  the inverse  transformation  as

T k= AP cos(0) — AP, sin(0). Note that only the

range and elevation vectors project onto the K direction,
whereas the azimuth angle does not. This is because the
azimuth component rotates the position vector around the
LOS direction to form a cone whose tip is at the origin, hence

its projection onto the K vector is independent of the azimuth
angle. This implies that any bearing error in the azimuth
direction will not contribute to the projection, hence can be
ignored since it does not impact Swarm Array performance.
Only the range errors and elevation errors contribute to the
projected error.

The relevant range and bearing errors,

A’Pp and AP, respectively, are independent random

variables, having been generated by different instruments.
Since the range and bearing errors are independent their



variances add, hence the total variance is the sum of the
individual variances, scaled by the elevation-dependent
coefficients. Therefore, the total elevation-dependent

variance can be expressed as o (6) = 0'[2) (0)+0,(0),
where G,i (0) =cos’ (Q)E(A?ff) and
o, (0) =sin’(0)E(AP,?). The RMS errors are measured

in meters, which need to be converted to radians of carrier
phase in order to determine array loss. For a carrier

wavelength of A meters, a total projected RMS error of
0,(0) meters yields an RMS error of 27” 0, (0) in radians,

or a total error variance of o @)= (27”)2 Gtz (€)in
radians’.
Using the results for array loss in terms of the phase

error variance derived in [4], and assuming that the phase
error variance is statistically identical for each of (N-1)

deputies, the arrayed power PN can be expressed as
P, = P{N+N(N -1)exp[-c*(0)]}, where P, is the

received power from a single deputy. The ideal power for a
perfectly phased array of N antennas corresponding to the

case o (0) =0 is clearly A, N ? hence the array loss due

to  imperfect phasing can be

N+N(N-1) eXp[—O'2 ()]
NZ

as N — oo the array loss approaches ', = exp[—c~(6)]

expressed  as

I'= . Note that in the limit

As an example, consider the RF measurement errors in Fig. 8
for an X-band wavelength of 4 cm, or 0.04 m, at an elevation

of 45 degrees where sin(45) = cos(45") = J2 . Using the
values of the range and bearing variances from Fig. 2 of
E(AP})=16x10° m’ and E(AP,")=9x10" m’,
it follows that
0/ (45)=1(16x10"°+0.09x10°) =8.045x10° m"’.
Scaling for squared radians in fractional wavelengths yields
o (45°) = () 67 (45) =(2.4674x10*)(8.045x107°) = 0.1985 rad’
. Substituting into the expression for array loss for an array of
N = 7 elements yields an array loss of
= N+ NV -Dexp[-0” ()] _ 7 +42exp[-0.1985]
N? 79

or I' , =—0.7278 dB. For this example, the asymptotic
limitas N — 00 becomes [" =exp[—0.1985]=0.82 or
[, s =—0.8619 dB. Array power and array loss for RF

metrology is shown in Figure 10, and in Figure 11 for Optical

=0.8457

metrology, assuming an elevation angle of 90°.

Array Power vs N, with RF metrology
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Figure 10 Array power and array loss as a function of
number of elements for RF metrology.

4. INTEGRATED MODELING AND SIMULATION

In support of the systems engineering analysis
describe above, we have developed and tested a modeling and
simulation environment for an antenna array in Mars orbit
which integrates the orbital dynamics of the swarm and
models the array electromagnetics. Previous related work is
in [12, 13]. Figure 12 shows the orbital geometry of the
swarm problem. Figure 13 shows a snapshot of the three-
dimensional motion of the swarm in Mars’ orbit. The
equations of motion of the swarm are derived in [24], but are
summarized here next. They include the equations of motion
of the Chief spacecraft, including oblateness (J2) and
aerodynamic drag, as follows (r=position, v=velocity, h=orbit
momentum, Q=longitude of ascending node, i=inclination,
O=true anomaly, C=aerodynamic constant, kj>=oblateness
coefficient):
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orbit.

The array is modeled as a collection of N rectangular
patches [25], where the electric field of each patch has the
following components (k=2m/A, A=wavelength)

E, =sing). SN X sin X = 5in(6)-sin(g)
X Y
. sinX sinY Y—Q- in(@)-
E, = cos(8)- cos(@)- Ty =3 sin(@) - cos(¢@)

If is Fu(On,¢n) the element pattern function, (An,fBn) are the
amplitude and phase, the total field emitted by the array at a
generic point in polar coordinates (rn,0n,¢n) is

N
E,(68,9)= ZA”F" @,, ¢”)e-1(k0|r,,l+ﬁ,,)

n=1
Figure 14 shows the three-dimensional swarm with pencil
beam from electromagnetic signal, and Figure 15 shows a
polar plot of electric field emitted by array.

3D Array Geometry Plot

50 4

Global Z-axis (m)
)

50

50 "o
0

a Global X-axis (m}
Global Y-axis (m) 50 50 (™

Figure 14 Three-dimensional swarm with pencil beam from
electromagnetic signal.
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Figure 15 Polar plot of electric field emitted by array.

We have also developed swarm reconfiguration
algorithms with functionalities including collision-avoidance,
and a simulator for tethered proximity operations, assuming
the swarm elements are mechanically connected. A
distributed guidance and control algorithm for the
reconfiguration of the robotic swarm is introduced in [6, 26],
that allows to solve for the -collision-free trajectory
generation. Figure 16 shows the reconfiguration of N=10
spacecraft from a stack into a paraboloidal shape. Figure 17
shows collision-free trajectories for N=10 elements,
considering an objective function that minimizes the control
efforts. Finally, Figure 18 shows the relative angle between
tethers for open and closed configurations of the swarm away,
assuming the elements of the array are connected by tethers
[7], indicating a more precise system response in the closed
configuration.

Final

- paraboloidal
shape
Initial
 rectilinear

' stack

Figure 16 Reconfiguration of N=10 spacecraft from a stack
into a paraboloidal shape.
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Figure 19 Relative angle between tethers for open and
closed configuration.

5. CONCLUSIONS

NASA has a need for deep space high data rate transfer,
and at the same time for multifunctional subsystem
integration in order to reduce the mass, volume, and power of
autonomous assets being sent to targets of planetary
exploration. This capability will improve entire classes of
future JPL missions, with benefits to key challenges in
multiple directorates. Combining transmit and receive
architectures would also benefit science. A large swarm
could be assembled in multiple launches, possibly as part of
launches sent in preparation for a future human exploration of
Mars. On-going miniaturization in power electronics would
make a compelling business case. The main conclusion of
this study is that a high data rate downlink swarm array at
Mars is feasible. Approximately 30 MarCO CubeSats can
achieve MRO-level performance, and ~100 MarCO CubeSats
achieve 10X MRO-level performance. Spacecraft could be
incrementally added to the swarm, with each launch.
Therefore, no dedicated launch would be necessary. Future
work includes the further development of metrology options:
current RF and Optical metrology options are for big
spacecraft (100-kg class)[4]; and we need to further develop



metrology options for small spacecraft. Also, time
synchronization options need to be developed, as they closely
relate to the metrology.

APPENDIX

Here we present an alternate derivation of the swarm
array geometric error analysis. Let d represent the distance
from the chief to the deputy, and Ad represent its error. Let O
represent the bearing angle from the chief to the deputy, and
A6 represent its error. Let 1 represent the bearing angle
from the chief to the Earth, and Ay represent its error. The
reference frame and variables are shown in the figure below.

Deputy
J spacecraft

Velocity Aberration
sing,

v
cosPpo+7

EARTH

et 4%
spacecraft -

tanyp s =

(d + Ad) cos(0s — P)
+ d(ABs + AYg) sin(Bs + i)

The time delay distance between the signal from chief
and deputy to reach Earth is given by the dot product between
(d + Ad)(cos(Og £ 405)T + sin(6s + 465)7) and
(cos(Pg + AYe)i + sin(yy + Ag)]), which is given by:

Time Delay Distance
= (d + Ad)cos (05 — Y)
+d(88s + App)sin(8s + Pi),
using small angle approximations and neglecting higher-order
terms. Therefore, the desired phase difference and timing
difference are given by:
Desired Phase Difference
(d + Ad)cos(0s — Yg) + d(ABg + AYg)sin(Bs + i)
1 )
Desired Timing Difference
(d + Ad)cos(0s — Yg) + d(ABg + AYg)sin(Bs + i)

’

Cc

where A is the wavelength and c is the speed of light.
Assuming that the errors are Gaussian random
variables, given by:
Ad ~ N (g, 034)
AGs ~ N (iagg, UAzes) )
Ay ~ N(#Aq;E' UAzq;E) )
the time delay distance is given by:

Time Delay Distance ~ ' (d + Ung
+d(ppes + Haws) 024
+d? (UAZGS + 0A2¢E))

Therefore, the phase difference between the chief and deputy
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spacecraft, which is represented as V' (,Ug o 0'92P), is given by:

Phase Difference (in radians) ~
2 2 2 2 2
N (2# (d+ pad +d (maos + pav,)) 47 (UAJ +d ("'_\e,\- + UAL-E))>

A A2

27 (d + paa +d (pass + pavs))
A

472 (oid + d? (oigs + Uit,g))
22

1o (1n radians) =

ogp(in radians) =

Uplink Array power, for statistically independent phases,
is computed as [4]:
2
Net Power = P (N +N(N — 1)e“’9P) ,
where N is number of agents and P is the power transmitted
by each agent. The power loss in dB is given by:

2
(N +N(N — 1)e“’9P)
Power Loss (dB) = 101log,, NE

The power loss for different wavelengths for different
methods of metrology are shown above.
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